Abstract. The microscopic coupled-channels calculations (MCC), which is based on precise internal wave functions and a realistic nucleon-nucleon interaction, is performed for the α + 12 C inelastic scattering in the energy range of E α = 80 to 400 MeV. The MCC calculations nicely reproduce the observed differential cross sections for the elastic and inelastic scattering, which goes to the 2
Introduction
Cluster structures, in which a nucleus is decomposed into several sub-units, are realized in the low excited states of light mass nuclei [1] . In the cluster structure, the sub-units are weakly coupled each other, and their matter radius is prominently extended in comparison to the radius of the ground state, which obeys the law of ∝ A 1/3 . In particular, such the enhancement of the matter radius is extensive in the 3α structure of the 12 C nucleus [2, 3] . The ground state of 12 C has a radius of 2.40 fm [2] with the spin-parity of 0
, while the excited 0 + 2 state at E x = 7.65 MeV, which is called the Hoyle state, is considered to have a radius of 3.47 fm with the well developed 3α cluster structure [2] . The radius of the Hoyle state was evaluated by the bound state approximation, in which the resonant wave function is expanded by the finite basis set although the Hoyle state is a resonant state, which has a infinite extension in the wave function. The extension of the radius in 0 + 2 is predicted to be about 1 fm, which is comparable to the extension of the neutron halos discussed in 11 Li [4] . In this article, we propose a new method to obtain a signature of the enhanced matter radius of the 3α cluster state.
Unfortunately, a direct measurement of the radius of the Hoyle 0 + 2 states with the developed 3α cluster structure is impossible due to its short life time, but there are several attempts to get an evidence of the enhanced matter radius of the 3α Hoyle states from the inelastic scattering of 12 C, which excites the Hoyle 0 + 2 state as a final state. In the inelastic scattering of light ions by 12 C, which excites the 12 C(0 + 2 ) state in a final state, an oscillating pattern in the differential cross section of the scattered ion is discussed in connection to the enhanced radius of the final 0 + 2 ⋆ e-mail: itomk@kansai-u.ac.jp state with the 3α structure [5] [6] [7] [8] [9] . However, the relation of the extended radius and the oscillating pattern of the cross section of the 12 C inelastic scattering still remains unclear [10, 11] .
In the coupled-channel approaches [7] [8] [9] , for example, nuclear interactions for the system of the 12 C target plus a projectile are constructed from the double folding model, which employs the internal wave function of 12 C, obtained from the 3α resonating group method (3αRGM) [2] and from an effective density-dependent nucleon-nucleon interaction. This coupled-channel calculation is called microscopic coupled-channels (MCC) [14] . Since the 3α RGM wave function can precisely describe the 3α structure in 0 + 2 , the constructed nuclear interaction in the 0 + 2 channel is more attractive at a surface region than the interaction in the ground channel.
The MCC calculations employing the long-range 3α folding interaction have been applied to the α+ 12 C [7] and 3 He+ 12 C [8, 9] systems, and the calculation nicely reproduces the angular distributions of various exit channels. In the differential cross section for the 0 + 2 channel, a scattering angle for the first Airy minimum is shifted to the larger angle region, and the number of the Airly minima increases in a comparison to other inelastic channels, going to the rotational and vibrational states such as the 2 + 1 and 3 − 1 states. From this result, the authors have claimed that the evolution of the Airy structure originated from the spatial extension of the nuclear interaction in the final 0 + 2 channel [7] [8] [9] .
In the nuclear reaction, the final 3α states can be assessed through the transition from the incident ground channel, and the 3α state is observed as the final state in the reaction process. Therefore, a coupling potential, which EPJ Web of Conferences 163, 00026 (2017) DOI: 10.1051/epjconf/201716300026 FUSION17 induces a transition from the initial channel to the final channel, is expected as a main ingredient for the angular distribution of the inelastic scattering, and the distortion potential or the density distribution in the exit channel may be not so effective in comparison to the effect of the coupling potential. In fact, a dominance of the coupling potential in the inelastic scattering has been already pointed out by Takashina et al. [10, 11] . By employing the MCC calculation, which is the same method as in Refs. [7] [8] [9] , the authors have clearly demonstrated that the Airy structure in the angular distribution is dominated by not the size of the 0 + 2 state, but by a spatial distribution of the coupling potential for the 0
There is another problem in the relation of the monopole 0 In order to overcome these problems, we introduce a new viewpoint in considering the relation of the enhanced matter radius of the 3α state and the inelastic scattering. In the present analysis, we focus on the inelastic scattering, going to two kinds of the 2 + states: the 2 sec. (width of Γ ∼ 1 MeV). In a modern theory, the Hoyle rotational 2 + 2 state, which has been recently identified in experiment [12] , is interpreted in terms of an α halo state with a dilute 3α structure [3] . We compare the differential cross section of α + 12 C(0 . Therefore, we consider that the comparison of the differential cross section going to these two kinds of 2 + states gives a clear sign relevant to the difference of the nuclear radius.
As pointed out in Refs [10, 11] , the potential or density distribution in the final 3α channel itself may play a minor role in inelastic scattering but a coupling potential contains an important information about the matter radius of the final 3α state. This is because the coupling potential is determined by an overlap of the wave function between the initial ground state and the final 3α state. Therefore, an extended structure of the 3α state is indirectly reflected in the inelastic scattering to the 3α final state through a size of the coupling potential. We believe that it is still important to consider a relation between an inelastic scattering and the size of the coupling potential. Recently, we have formulated the method of scattering radius, which can characterize a spatial size of the reaction area or a size of the coupling potential for the individual exit channels in a general exclusive reactions [13] . In this method, the angle-integrated cross section decomposed into each of the incident partial wave are used to measure the spatial size for the production area of the final channel. By applying the method of the scattering radius to the inelastic scattering going to the 2 + 1,2 channels, we will demonstrate that a direct evidence of the enhanced matter radius in the 2 is speculated. The final section is devoted to summary and discussion.
Theoretical framework
In this section, we explain the framework of the microscopic coupled-channels (MCC) calculation. In the MCC framework, the nuclear interactions of colliding nuclei are constructed by the double folding (DF) model, in which the reliable nucleon-nucleon interaction and the internal wave functions calculated from the microscopic cluster model are employed.
Coupled-channels equations
We calculate the differential cross sections of an α particle scattered by 12 C in the formulation of MCC [7, 8, 14] . In MCC framework, we solve a set of the coupled-channels equation for the α-12 C system, which is given in the symbolic form (
(1) Here the subscripts of f or i design a channel. In Eq. (1), T f (R) represents the kinetic energy of the relative motion of the α-12 C system with a relative coordinate R, while V f,i (R) denotes the coupling potential for the transition from channel i to channel f . The total energy in the channel f , E f , is given by the relation of E f = E − ϵ f with the α incident energy E and the 12 C internal energy of ϵ f .
χ f (R) is the α-12 C relative wave function for the channel f , which should be solved in the coupled-channels equation.
In the pragmatic calculation of MCC, the equation is expanded in terms of the total spin J, and the individual equations for a fixed J are solved. Thus, the cross sections are calculated for each of J, which are called the partial cross section. The distribution of the partial cross sections are used to characterize the spatial size for the final state production [13] .
Double folding potential
In Eq. (1), V f,i (R) denotes the coupling potential for the transition of i → f in 12 C, which is calculated from the double folding model. The coupling potential calculated from the double folding procedure is symbolically written as
(2) with s = r 2 − r 1 − R. Here r 1 (r 2 ) denotes a coordinate measured from the center of mass in the 12 C (α ) nu- 12 C, which are calculated by the microscopic 3α cluster model, resonating group method (RGM) [2] , while ρ (α) (r) denotes the density of α particle, which reproduce the charge form factor of the electron scattering. In Eq. (2), v
DDM3Y NN
represents the effective nucleonnucleon (NN) interaction which acts between a pair of nucleon contained in the 12 C nucleus and the α particle. In the present calculation, we adopt the DDM3Y (Density Dependent Michigan 3-range Yukawa) interaction [15] .
The normalization factor N R is introduced because the folding potential contains ambiguity in its strength. This ambiguity arises from the neglection of the antisymmetrization effect between the projectile and the target except for the knockon exchange [16] . Here this factor is set to N R = 1.42 over all the α incident energy, which is consistent to the previous MCC calculation in Ref. [7, 8] . In the α scattering, the double folding potential needs a considerably large N R , say about 1.3 as pointed out in the first application of DDM3Y to the α scattering [15] . This modification in the potential strength is originated from the violation of density saturation of an α particle. The improvement of the double folding potential for the α scattering has recently been discussed in Ref. [17] .
In addition to the folding potential, we introduce the absorptive potential with the Saxon-Woods form factor in the diagonal ( f = i) transition in order to simulate other reaction process, and the parameter set of Saxon-Woods is tuned so as to reproduce all of the observed differential cross sections as much as possible. As for the internal excitation of 12 C, we include the low-lying collective states (2 
Results

Calculation of differential cross sections
We have solved the coupled-channels equation, which is given in Eq. (1), for the α + 12 C scattering at E α = 386 MeV [12] with the nuclear interaction in Eq. (2). The MCC calculations reproduce the differential cross sections of the scattering to 0 The comparison of the observed cross section of E x ∼ 10 MeV and the theoretical calculation is shown in Fig. 1 .
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The experimental strength is considered to be the incoherent mixture of the 2 + 2 and 0 + 3 states because these two resonant states are overlapped each other, which have a broad width with a close energy spacing. The theoretical calculation (solid curve), which is obtained by the the incoherent summation of these two states, nicely reproduce the global behavior of the distribution, such as the gradual oscillation with the shallow valleys. This behavior in the experiment can never be reproduced by either the strength of 2 + 2 or that of 0 + 3 . The incoherent summation of these two states is essential for the reproduction of the differential cross section.
In Fig. 2 , the component of the 2 + 2 differential cross section in Fig. 1 is compared with the cross section of the 2 + 1 state, which also reproduces the observed cross section. The peak position of the 2 + 2 cross section (solid curve) shifts to the forward angular region in comparison to the 2 + 1 cross section (dashed curve), and its angular distribution has the shrunk and rapid fall-down structure. The shift and shrinkage features are completely consistent to the result of the multi-pole decomposition analysis (MDA) of the experimental cross section, which is performed in the range of θ c.m. < 15
• [12] .
Partial wave analysis
In order to analyze the difference of the differential cross sections shown in Fig. 2 more deeply, we have performed the partial wave analysis, in which the angle-integrated cross sections in Fig. 2 are decomposed into the individual components of the total spin J. The partial wave expansion for the transition of i → f is defined as
The individual components of the angle integrated cross sections for the transition from the initial 0 (Fig. 3) is just opposite to the shrinkage in the θ-space, the differential cross section (Fig. 2) . This is nothing but the uncertainty relation of ∆L·∆θ ∼ 1, which can be hold in the diffraction scattering. According to the classical relation of L = kb, where k and b denote the incident wave number and the impact parameter, respectively, the extension of the L-distribution in Fig. 3 clearly means that the production area of the 2 the method of the scattering radius [13] . In this method, the effective orbital spinL for the transition of 0
is derived according to the following expression:
with a definition ofL = √ L(L + 1). The radius of the final-state production, which is called the scattering radius (R S C ), is simply obtained according to the classical relation ofL = kR S C . R S C naturally goes to the matter radius of a target nucleus in the high energy limit of the proton elastic scattering [6, 13, 18] . The results ofL and R S C for the 2 [2] . The magnitude correlation in R S C seems to correspond to that inr but the correspondence of R S C tor is non trivial because the magnitude of R S C strongly depends on the definition ofL in Eq. (4). Therefore, we should focus on the relative difference of R S C between 2 fm. The enhancement in R S C is smaller than that inr, and this reduction of ∆R S C is attributed to the property of the inelastic scattering, which is induced by the coupling potential from the initial ground state to the final 3α states. This point will be discussed in the last section.
Energy systematics and radius of 2
We have extended the MCC calculation with the method of the scattering radius to the lower α incident energy of E α ≤ 240 MeV. In the lower energy region, unfortunately, there is no experimental data on the excited state at E x ∼ 10 MeV, which contains the 2 + 2 component. Therefore, the parameters of the absorptive potential of the 3α cluster states (0 The reason why the ∆R S C in the lower energy region is more enhanced than that in the higher energy, E α = 386 MeV, is expected to be the distortion of the final state. In the lower energy region, the α particle can feel the extended distortion potential in the final 2 + 2 channel, which leads to the shrinkage of the angular distribution and the enhancement of R S C .
From the systematic values of ∆R S C , we can speculate the lower bound of the matter radius of the 2 + 2 state. In a naive consideration, we can image the relation of ∆R S C and the matter radiusr, such as
In this relation, the inequality means the fact that ∆R S C speculated from the inelastic scattering does not necessarily identify a true enhancement of the matter radius, ∆r. In the present analysis, ∆R S C ∼ 1 fm is predicted in the lower energy region of E α ≤ 240 MeV. The matter radius of 2
is still unknown but we can safely assumer(2 This assumption is also supported by the 3α RGM calculation [2] . Therefore, the matter radius of the Hoyle rotational state is speculated tor(2 
Summary and discussion
In summary, we have performed the MCC calculation with 3α RGM + DDM3Y and shown that the enhanced radius of the 2 . According to the prescription of the partial wave decomposition, the partial wave components of the cross sections are converted into the scattering radius, which characterizes a size of the reaction area for the final state production. According to the evaluation of the scattering radius, the shrunk structure of the differential cross section corresponds to about 0.6 ∼ 1 fm enhancement in the size of the production area of the final 2
Enhancement of R S C (∆R S C ∼ 1 fm) is smaller than the difference of the respective root-mean-squared radius (∆r ∼ 1.6 fm), which is predicted by the structure calculation [2] . This is because of the feature peculiar in the inelastic scattering, in which the size of the final wave function is filtered by the size of the initial wave function. As pointed out in Refs [10, 11] , the inelastic scattering going to the excited states are dominated by the size of the coupling potential, which induces the transition from the incident 0 Furthermore, the identification of 1 fm enhancement imposes a strong constraint on the recent ab-initio calculation which seems to reproduce the excitation energy of the Hoyle 0 + 2 and 2 + 2 states [20] . In this structure calculation, the matter radius of the Hoyle rotational 2 + 2 state is almost same as the radius of the ground state (2.4 fm) [20] , which is much smaller than the prediction by the 3α cluster model (∼ 4.0 fm) [2, 3] . In previous studies, there was no information about the matter radius of the excited states that should be compared with the theoretical calculation. Therefore, the speculation of the lower bound of the matter radius of the Hoyle rotational 2 + 2 state from the experimental observables is quite important in future studies. Since the experimental information of the differential cross section of the 2 + 2 state is still insufficient, the measurement of the differential cross section of the excited state at E x ∼ 10 MeV and careful MDA to separate the 2 + 2 component should be extended over a wide angle and energy region.
It is quite meaningful to reproduce the differential cross section by the MCC calculation because MCC is based on the internal wave function obtained from the microscopic 3α cluster model. The reproduction of the experimental data strongly support that the size enhancement induced by the transition to the 3α structure is a realistic picture in the reaction process. In the more stringent check of the present result, however, we should apply another kind of the reaction calculation without the presupposition of the size difference of the 2 + 1 and 2 + 2 state. For example, one should assume a standard form factor for the coupling potential, such as the normal rotational or vibrational excitation, and the optimal range of the coupling potential should be searched so as to reproduce the observed cross section. The comparison to the calculation without the cluster assumption is important in future studies.
Finally, let us stress the new insight in the present approach. The comparison of the yrast 2 The comparison of the same (finite) spin-parity states excited by the inelastic scattering is essential in the present analysis. The similar comparison of the yrast state and the cluster state can be generalized to other nuclei because a cluster state with a finite spin always appear above the respective yrast state with a compact shell model like structure. One of such the interesting applications is the 10 Be nucleus. In this nucleus, the intrinsic structure can be nicely described by the covalent (or molecular) orbit structure of two valence neutron around the two center cores of 8 Be = α + α [21] . The yrast 2 + 1 and the exited 2 + 2 state have the spatially compact structure, while the 2 + 3 state is considered to have the well developed structure of α + α + N + N, in which two neutrons form the covalent σ + orbital [21] . σ + orbital. The calculation of the α + 10 Be inelastic scattering is now underway.
